Introduction {#s1}
============

Homeostatic forces regulate the number and survival of T cell clones throughout life, allowing only a limited degree of non-antigen driven expansion for each individual cell in order to preserve the diversity of the T cell repertoire [@ppat.1003976-Boyman1]. This is achieved by a balance between signals that mediate survival and proliferation, which are regulated by homeostatic cytokines such as IL-7 and IL-15. Through homeostatic mechanisms, the size of the T cell pool remains relatively constant despite the expansion of T cell clones during antigen-specific responses. In an immune competent host, homeostatic proliferation is controlled by the limited availability of homeostatic cytokines. However, under lymphopenic conditions, a robust homeostatic proliferation occurs leading to polyclonal T cell expansion and accumulation of cells with a highly activated memory phenotype [@ppat.1003976-Boyman1]. This is observed in certain human clinical conditions such as bone marrow transplants and HIV infection, where an increased availability of IL-7 is detected in the serum of the patients [@ppat.1003976-Hakim1]--[@ppat.1003976-Douek1]. During HIV infection, in addition to HIV-specific immune responses, there is a generalized immune activation that alters the homeostasis of the CD4 and CD8 T cell pools leading to CD4 T cell depletion and CD8 T cell expansion. The mechanisms behind these extreme outcomes are not totally understood. The direct cytopathic effects of HIV do not appear adequate to explain this dichotomy. HIV-induced CD4 T cell depletion triggers a homeostatic response that occurs in an inflammatory environment rich in Type-I IFNs and driven by HIV replication. Both lymphopenia and viral load contribute to the immune activation observed in the CD4 T cell pool. In contrast, the expansion and activation of the CD8 T cell pool is tightly correlated with levels of HIV replication and does not appear influenced by homeostatic forces [@ppat.1003976-Catalfamo1]--[@ppat.1003976-Kovacs1]. The Type-I IFN activity associated with HIV infection is reflected by increased mRNA transcripts of genes such as OAS1, ISG15, IFNAR1 and STAT1 in both CD4 and CD8 T cells [@ppat.1003976-Rotger1]--[@ppat.1003976-Catalfamo3].

Type-I IFN signals through a receptor consisting of two subunits (IFNAR1 and IFNAR2) complexed with JAK1 and TYK2. Activation of these tyrosine kinases leads to the phosphorylation of Signal Transducers and Activators of Transcription 1, 2, 3 and 5 (STAT1, -2, -3 and -5) [@ppat.1003976-Gadina1]. While Type-I IFNs are critical for antiviral immunity, in the setting of chronic HIV/SIV infection, chronic exposure has been suggested to play a role in the pathogenesis of the infection, a distinguishing feature of pathogenic from non-pathogenic SIV infection [@ppat.1003976-Rotger1], [@ppat.1003976-Jacquelin1], [@ppat.1003976-Bosinger1]. To understand the mechanisms by which HIV infection alters the homeostasis of CD4 and CD8 T cell pools, we hypothesized that lymphopenia and the chronic exposure to IFN-α may both play a role in this dysregulation. In the present manuscript, we show that IL-7 *in vitro* or lymphopenia *in vivo* can upregulate the total levels of STAT1, -2 and -3, rendering CD4 T cells more sensitive to IFN-α. Levels of total STAT1 (t-STAT1) were associated with the degree of lymphopenia and IL-7 serum levels in HIV-infected patients. In a murine model, lymphopenia and chronic treatment with IFN-α led to diminished survival of CD4 T cells and an expansion of CD8 T cells, thus recapitulating the alterations of the homeostasis of these pools observed in patients with HIV infection. In addition, these data provide new evidence that IL-7 *in vitro* can enhance Type-I IFN responses by modulating the levels of the STATs. This effect could enhance T cell effector differentiation and be advantageous in host defense against pathogens. However, chronic stimulation of this pathway in the setting of lymphopenia and uncontrolled HIV viral replication could be detrimental for CD4 T cell homeostasis and may contribute to the aberrant immune activation and eventual CD4 T cell depletion observed in these patients. The analysis of these pathways can contribute to the development of new strategies to reverse the dysregulation in the T cell pools seen in patients with HIV infection.

Results {#s2}
=======

Total levels of STAT1 are increased in T cells from HIV-infected individuals with high viral loads {#s2a}
--------------------------------------------------------------------------------------------------

Previous studies have demonstrated that *in vivo* CD4 T cell proliferation in patients with HIV infection is correlated with both CD4 T cell counts and HIV-RNA levels [@ppat.1003976-Hyrcza1], [@ppat.1003976-Catalfamo3]. In addition, CD4 T cells from viremic HIV-infected patients showed an enhanced response to *in vitro* stimulation with IFN-α measured by phosphorylation of STAT1 [@ppat.1003976-Catalfamo3]. Because of the potential implication of chronic stimulation of this pathway in CD4 T cell homeostasis, we investigated the mechanisms involved in this process. We hypothesized that this enhanced response could be due to increases in the levels of proteins involved in Type-I IFN signaling pathway, such as IFNAR1 and STATs.

To test this hypothesis, we first studied a longitudinal cohort of patients to determine the levels of t-STAT1 before and after combination anti-retroviral therapy (cART) and suppressed viremia to \<50 copies/ml. Following therapy, CD4 T cell counts increased from 198 to 264 cells/µl ([Table 1](#ppat-1003976-t001){ref-type="table"}). The analysis of the intracellular expression of t-STAT1 in naïve (CD45RA^+^ CD27^+^) and memory (CD45RA^−^ CD27^+^) CD4 and CD8 T cell subsets by flow cytometry showed that both naïve and memory CD4 T cells expressed high levels of t-STAT1 prior to therapy that were significantly reduced with treatment (*p*\<0.01) ([Fig. 1](#ppat-1003976-g001){ref-type="fig"}). Similar results were observed in naïve CD8 T cells (*p*\<0.01). Memory CD8 T cells expressed lower levels of t-STAT1 than naïve CD8 T cells and their expression was also further reduced by treatment (*p* = 0.02) ([Fig. 1](#ppat-1003976-g001){ref-type="fig"}). These results indicate that levels of t-STAT1 are upregulated during HIV infection. Additionally, the differential expression of t-STAT1 in CD4 and CD8 memory T cells suggests potential differences in their responses to Type-I IFNs.

![t-STAT1 in CD4 and CD8 T cell subsets from HIV-infected patients.\
PBMCs from a longitudinal cohort of HIV-infected individuals (n = 10) were analyzed by flow cytometry before and after suppressing viremia to \<50 copies/ml with cART for intracellular expression of t-STAT1. (**a**) Gating strategy to assess t-STAT1 expression in T cell subsets, using CD27 and CD45RA as markers of naïve (CD45RA^+^ CD27^+^) and memory (CD45RA^−^ CD27^+^) CD4 (CD3^+^ CD4^+^) or CD8 (CD3^+^ CD4^−^) T cells. (**b**) The Median Fluorescence Intensity (MFI) of t-STAT1 in the different T cell subsets was compared before and after treatment and viremia suppressed to \<50 copies/ml using a Wilcoxon signed-rank test.](ppat.1003976.g001){#ppat-1003976-g001}

10.1371/journal.ppat.1003976.t001

###### Characteristics of longitudinal study participants.

![](ppat.1003976.t001){#ppat-1003976-t001-1}

  Patients (n = 10)                                              Pre-cART                                     \>6 months on cART
  -------------------------------------- --------------------------------------------------------- ----------------------------------------
  **HIV RNA (copies/ml)**                 [(1)](#nt102){ref-type="table-fn"}76081 (49209--160298)   [(2)](#nt103){ref-type="table-fn"}\<50
  **Months viral load \<50 copies/ml**                              \-                                            11 (9--20)
  **CD4 count (cells/µl)**                                    198 (121--240)                                    264 (243--295)
  **CD8 count (cells/µl)**                                    992 (611--1680)                                  601 (470--1053)

Values are presented as median (IQR).

[Figure 1](#ppat-1003976-g001){ref-type="fig"} (Patients VL \>30 k copies/ml).

[Figure 1](#ppat-1003976-g001){ref-type="fig"} (Patients VL \<50 copies/ml).

IL-7 enhances IFN-α responsiveness by modulating expression levels of t-STATs in T cells {#s2b}
----------------------------------------------------------------------------------------

To define the mechanisms involved in modulating t-STAT1 levels during HIV infection, we examined the role of two cytokines associated with CD4 T cell lymphopenia (IL-7) [@ppat.1003976-Napolitano1], [@ppat.1003976-Fry1] and viral replication (IFN-α) [@ppat.1003976-Rotger1], [@ppat.1003976-Jacquelin1], [@ppat.1003976-Bosinger1]. PBMCs from healthy donors cultured with IL-7 for 3 days showed significant increases in t-STAT1 levels in naïve and memory CD4 T cells and naïve CD8 T cells when compared to cells cultured with media alone (*p*\<0.01) ([Fig. 2a](#ppat-1003976-g002){ref-type="fig"} and [Fig. S1a](#ppat.1003976.s001){ref-type="supplementary-material"}, b). Consistent with the observations from the longitudinal cohort of patients ([Fig. 1](#ppat-1003976-g001){ref-type="fig"}), the smallest increases were seen in memory CD8 T cells (*p*\<0.01) ([Fig. 2a](#ppat-1003976-g002){ref-type="fig"}).

![*In vitro* culture with IL-7 increases IFN-α-induced STAT1 activation (p-STAT1).\
PBMCs from healthy donors (n = 12) were cultured 3 days in media alone (black symbols), rhIL-7 (10 ng/ml; blue symbols) or rhIFN-α (100 U/ml; red symbols). After 3 days of culture, the cells were harvested, washed and rested overnight. Rested cells were stimulated *in vitro* with rhIFN-α (100 U/ml) for 30 minutes and analyzed for intracellular expression of t-STAT1 (**a**) and phosphorylated STAT1 (**b**) in naïve and memory T cell subsets. A Wilcoxon signed-rank test was performed for comparisons of the MFI of t-STAT1 and p-STAT1 between groups.](ppat.1003976.g002){#ppat-1003976-g002}

We next tested the ability of cells cultured with IL-7 or IFN-α to respond to further *in vitro* stimulation with IFN-α. T cells cultured with IL-7 showed enhanced phosphorylation of STAT1 (p-STAT1) in response to *in vitro* IFN-α stimulation ([Fig. 2b](#ppat-1003976-g002){ref-type="fig"} and [Fig. S1c](#ppat.1003976.s001){ref-type="supplementary-material"}). In contrast, cells cultured for 3 days with IFN-α were refractory to further *in vitro* stimulation with IFN-α and did not show phosphorylation of STAT1 ([Fig. 2b](#ppat-1003976-g002){ref-type="fig"} and [Fig. S1c](#ppat.1003976.s001){ref-type="supplementary-material"}).

These results suggested interplay between IL-7 and Type-I IFN in T cells that is mediated by the levels of STAT1 induction and subsequent phosphorylation. We next examined the effect of these cytokines on other STATs known to be involved in Type-I IFN signaling pathway (STAT2, -3 and -5) [@ppat.1003976-Gadina1]. Freshly isolated CD4 T cells from healthy volunteers cultured for 3 days with IL-7 showed 8.3-, 2.1- and 2.7-fold increases in t-STAT1, t-STAT2 and t-STAT3 respectively ([Fig. 3a](#ppat-1003976-g003){ref-type="fig"}). No changes were noted in total levels of STAT5. Cells cultured with IL-7 and then stimulated with IFN-α exhibited 3.7-, 2-, 2.5- and 2.5-fold increases in p-STAT1, -2, -3 and -5 respectively. No such effects of IL-7 were observed on total CD8 T cells likely due to the predominance of CD8 memory cells ([Fig. 3b](#ppat-1003976-g003){ref-type="fig"}). These changes in CD4 T cells were mainly attributed to the modulation of t-STAT expression levels since IL-7 had no significant effect on the expression of IFNAR1 on T cells ([Fig. S2](#ppat.1003976.s002){ref-type="supplementary-material"}). In contrast, cells initially cultured in the presence of Type-I IFN were generally refractory to further *in vitro* stimulation with IFN-α and phosphorylated only small amounts of STAT proteins ([Fig. 3](#ppat-1003976-g003){ref-type="fig"}).

![*In vitro* culture with IL-7 increases IFN-α-induced activation of STAT1, STAT2 and STAT3 in CD4 but not CD8 T cells.\
Isolated CD4 (**a**) and CD8 (**b**) T cells from a healthy donor were cultured and treated as described in [Figure 2](#ppat-1003976-g002){ref-type="fig"}. Cell lysates were analyzed by Western blotting with antibodies specific to p-STAT1, t-STAT1, p-STAT2, t-STAT2, p-STAT3, t-STAT3, p-STAT5 and t-STAT5. An antibody to actin was used to confirm even protein loading. Numbers represent the ratio of the densitometry values of band densities on western blots calculated using the values of the unstimulated cells cultured for 3 days with media only as the baselines. [Results](#s2){ref-type="sec"} are representative of at least 3 different donors.](ppat.1003976.g003){#ppat-1003976-g003}

These results demonstrate that IL-7 can induce upregulation of multiple components of the Type-I IFN signaling pathway leading to an enhanced response to IFN-α. Thus, in the context of HIV infection, the increased availability of IL-7 associated with HIV-induced CD4 T cell lymphopenia, could render CD4 T cells more susceptible to the chronic effects of Type-I IFNs.

Higher levels of t-STAT1 in CD4 T cells are associated with lower CD4 T cell counts and higher IL-7 serum levels in HIV infected patients {#s2c}
-----------------------------------------------------------------------------------------------------------------------------------------

We next evaluated the contributions of *in vivo* lymphopenia (CD4 T cell counts) and serum levels of IL-7 to t-STAT1 expression and activation (p-STAT1) in patients with chronic HIV infection. To limit the contributions of viremia, we studied a cohort of patients receiving cART who had HIV-RNA levels of \<50 copies/ml for more than 9 months (IQR 9--35 months, [Table 2](#ppat-1003976-t002){ref-type="table"}). Levels of t-STAT1 and detection of p-STAT1 after *in vitro* stimulation with IFN-α were analyzed by flow cytometry. CD4 T cells from patients with CD4 counts \<200 and between 200--500 cells/µl showed significantly higher levels of t-STAT1 expression when compared with those patients with CD4 counts \>500 cells/µl (*p*\<0.01). The latter showed t-STAT1 expression levels similar to those observed in healthy controls ([Fig. 4a](#ppat-1003976-g004){ref-type="fig"}). Although significant, less marked differences were observed in CD8 T cells as a function of CD4 counts ([Fig. 4a](#ppat-1003976-g004){ref-type="fig"}). In addition, an inverse correlation was noted between t-STAT1 levels in both CD4 and CD8 T cells and CD4 T cell counts (r = −0.52, *p*\<0.01 and r = −0.34, *p*\<0.01 respectively) ([Fig. 4b](#ppat-1003976-g004){ref-type="fig"}). Serum levels of IL-7 were negatively associated with CD4 T cell counts (r = −0.56, *p*\<0.01) ([Fig. 4c](#ppat-1003976-g004){ref-type="fig"}) and positively associated with t-STAT1 levels in CD4 (r = 0.38, *p* = 0.01) but not CD8 T cells ([Fig. 4d](#ppat-1003976-g004){ref-type="fig"}). Because of the association between sustained expansion of CD8 T cells and immune activation in patients with suppressed viremia [@ppat.1003976-SerranoVillar1], we next examined the relationship between t-STAT1 expression and IL-7 serum levels with CD4/CD8 T cell ratio. A similar negative association was observed between serum levels of IL-7 and t-STAT1 in CD4 and CD8 T cells with CD4/CD8 T cell ratio (r = −0.56, *p*\<0.01, r = −0.36, p\<0.01 and r = −0.56, p\<0.01, respectively) ([Fig. S3a](#ppat.1003976.s003){ref-type="supplementary-material"}, b).

![t-STAT1 expression is inversely associated with CD4 T cell counts and IL-7 serum levels in HIV-infected patients undergoing cART.\
PBMCs from healthy controls (HC, n = 22) and HIV-infected patients with viremia suppressed to \<50 copies/ml for median 17 months on cART (HIV+, n = 53) were analyzed for t-STAT1 and p-STAT1 levels in total CD4 and CD8 T cell populations. Sera from the same patients were tested by ELISA for IL-7 levels. (**a**) The MFI of t-STAT1 in CD4 and CD8 T cells was compared between HIV+ and HC divided according to their CD4 T cell counts using a nonparametric Mann-Whitney test. (**b**) Relationship between t-STAT1 levels and CD4 T cell counts. (**c**) Relationship between IL-7 serum levels and CD4 T cell counts. (**d**) Relationship between t-STAT1 expression and IL-7 serum levels. (**e**) Relationship between STAT1 phosphorylation after *in vitro* stimulation with IFN-α and t-STAT1 levels. The correlations between the levels of t-STAT1, p-STAT1, IL-7 and CD4 T cell counts were analyzed with the non-parametric Spearman test.](ppat.1003976.g004){#ppat-1003976-g004}

10.1371/journal.ppat.1003976.t002

###### Characteristics of cross-sectional data participants.

![](ppat.1003976.t002){#ppat-1003976-t002-2}

                                                               HIV+ Patients     Healthy Controls                                                               
  ------------------------------------- ------------------- ------------------- ------------------- ------------------- ------------------- ------------------- -------------------
  **HIV RNA (copies/ml)**                      \<50                \<50                \<50                \<50                 \-                  \-                  \-
  **HIV-RNA \<50 copies/ml (months)**       17 (9--35)          12 (7--16)          17 (9--36)          22 (9--44)              \-                  \-                  \-
  **CD4 count (cells/µl)**                432 (148--1001)     124 (102--146)      256 (239--417)     1001 (881--1135)     689 (517--1006)     342 (267--408)      824 (605--1127)
  **CD8 count (cells/µl)**                960 (647--1215)     649 (472--944)      990 (843--1398)    1023 (724--1389)     372 (197--575)      198 (147--245)      497 (279--628)
  **Ratio CD4/CD8 counts**               0.51 (0.24--0.98)   0.19 (0.11--0.27)   0.25 (0.20--0.50)   0.98 (0.72--1.31)   1.67 (1.36--2.82)   1.73 (1.36--2.28)   1.59 (1.35--3.14)

Values are presented as median (IQR).

The expression levels of t-STAT1 in T cells from HIV infected patients were associated with p-STAT1 levels after *in vitro* stimulation with IFN-α in both CD4 and CD8 T cells (r = 0.47, *p*\<0.01 and r = 0.48, *p*\<0.01, respectively) ([Fig. 4e](#ppat-1003976-g004){ref-type="fig"}). Patients with CD4 counts of \>500 cells/µl and healthy controls showed similar activation of STAT1 after *in vitro* stimulation with IFN-α ([Fig. S3c](#ppat.1003976.s003){ref-type="supplementary-material"}).

Taken together, these results indicate that, in the setting of HIV infection, CD4 T cell lymphopenia can contribute to upregulating t-STAT1 expression in CD4 T cells and this subsequently leads to increased levels of p-STAT1 following exposure to IFN-α.

Lymphopenia and chronic exposure to Type-I IFN alter CD4 T cell homeostasis in a murine model {#s2d}
---------------------------------------------------------------------------------------------

To experimentally examine the interaction between lymphopenia and Type-I IFN *in vivo* and its potential impact in CD4 and CD8 T cell homeostasis, we performed a series of experiments in which lymphocytes were adoptively transferred into lymphopenic mice that were receiving chronically-administered IFN-α.

Initially, we analyzed t-STAT1 and p-STAT1 expression in donor T cells transferred into lymphopenic or lymphoreplete mice. Lymph node (LN) cells from wild type C57BL/6 (B6 CD45.2 donor) mice were adoptively transferred into either congenic lymphoreplete B6.SJL (B6 CD45.1 host) or lymphopenic B6.SJL-\[KO\]RAG1 (RAG^−/−^ host) mice. At day 7 after transfer, both CD4 and CD8 donor T cells proliferated under lymphopenic conditions, whereas they did not divide when transferred into lymphoreplete hosts ([Fig. 5a](#ppat-1003976-g005){ref-type="fig"}). Donor T cells transferred into lymphopenic RAG^−/−^ mice showed significantly increased levels of t-STAT1, in LNs as well as in the spleen, when compared to cells transferred into lymphoreplete B6 hosts ([Fig. 5a, b](#ppat-1003976-g005){ref-type="fig"}). The lower upregulation of t-STAT1 in splenic cells was associated with an increased proportion of highly proliferating T cells with an effector memory and effector phenotype when compared to cells derived from the LNs ([Fig. S4](#ppat.1003976.s004){ref-type="supplementary-material"}). In the LNs, increased levels of t-STAT1 were associated with enhanced phosphorylation of STAT1 in response to *in vitro* IFN-α stimulation in CD4 donor T cells ([Fig. 5a, c](#ppat-1003976-g005){ref-type="fig"}). In contrast, lower levels of STAT1 phosphorylation were noted in splenic cells after *in vitro* stimulation with IFN-α when comparing cells that had been transferred into lymphopenic mice to those transferred into lymphoreplete hosts ([Fig. 5c](#ppat-1003976-g005){ref-type="fig"}). Identical levels of t-STAT1 expression and activation after *in vitro* stimulation with IFN-α were observed in donor and recipient T cells from the lymphoreplete B6 host ([Fig. S5](#ppat.1003976.s005){ref-type="supplementary-material"}). These data suggest that a lymphopenic environment can induce upregulation of t-STAT1 expression, leading to enhanced p-STAT1 following IFN-α stimulation.

![*In vivo* exposure to lymphopenic conditions enhances t-STAT1 expression and IFN-α responsiveness.\
Lymphoreplete B6 CD45.1 (n = 6) and lymphopenic RAG^−/−^ CD45.1 (n = 6) mice were injected intravenously (i.v.) with 9×10^6^ of CellTrace Violet-labeled lymph node (LN) cells isolated from congenic B6 CD45.2 mice. Analysis of transferred cells in LNs and spleen was performed on day 7 after transfer. The levels of t-STAT1 and p-STAT1 of donor T cells were evaluated by flow cytometry in LNs and spleen as function of CellTrace Violet Fluorescence after *in vitro* stimulation with rmIFN-α (500 U/ml). (**a**) The percentages of donor T cells CellTrace Violet**^+^** t-STAT1**^high^**, CellTrace Violet**^−^** t-STAT1**^high^**, CellTrace Violet**^−^** t-STAT1**^low^** and CellTrace Violet**^+^** p-STAT1**^high^**, CellTrace Violet**^−^** p-STAT1**^high^** and CellTrace Violet**^−^** p-STAT1**^low^** are indicated. The MFIs of t-STAT1 (**b**) and p-STAT1 (**c**) in CD4 and CD8 donor T cells seven days after adoptive transfer into replete B6 (gray symbols) and lymphopenic RAG^−/−^ (black symbols) hosts were compared using a nonparametric Mann-Whitney test. Data are from one representative experiment out of three, including an average of 5 mice per group.](ppat.1003976.g005){#ppat-1003976-g005}

Since IL-7 *in vitro* was able to upregulate t-STAT1, we next analyzed its contribution in the setting of lymphopenia. We performed adoptive cell transfer experiments into RAG^−/−^ and IL-7^−/−^ x RAG^−/−^ mice. Because IL-7 is critical for T cell survival, these experiments were analyzed 5 days after cell transfer. IL-7 deficiency in the RAG^−/−^ background reduced IL-7 dependent lymphopenia-induced slow proliferation and survival of the transferred cells ([Fig. 6a](#ppat-1003976-g006){ref-type="fig"}, [Fig. S6a](#ppat.1003976.s006){ref-type="supplementary-material"}) [@ppat.1003976-Tan1], [@ppat.1003976-Schluns1]. In contrast, the rapid proliferation, which is known to be TCR dependent and IL-7 independent was not affected [@ppat.1003976-Min1]. T cells derived from the LNs of IL-7 deficient RAG^−/−^ mice expressed reduced levels of t-STAT1 when compared with cells transferred into RAG^−/−^ hosts, although remained slightly higher than cells transferred into a lymphoreplete B6 host ([Fig. 6a, b](#ppat-1003976-g006){ref-type="fig"}).

![Lymphopenia-induced t-STAT1 upregulation in T cells is partially dependent on IL-7.\
(**a**) Lymphoreplete B6 CD45.1 (n = 5; gray symbols), lymphopenic RAG^−/−^ (n = 5; black symbols) and IL-7^−/−^ x RAG^−/−^ (n = 4; blue symbol) mice were injected i.v. with 9×10^6^ of CellTrace Violet-labeled LN cells isolated from congenic B6 CD45.2 mice. Analysis of transferred cells in LNs and spleen was performed on day 5 after transfer and levels of t-STAT1 of donor T cells were evaluated by flow cytometry as function of CellTrace Violet Fluorescence. The percentages of donor T cells CellTrace Violet**^+^** t-STAT1**^high^**, CellTrace Violet**^−^** t-STAT1**^high^** and CellTrace Violet**^−^** t-STAT1**^low^** are indicated. (**b**) The MFIs of t-STAT1 in CD4 and CD8 donor T cells in the different hosts were compared using a nonparametric Mann-Whitney test. Data are from one representative experiment out of three, including an average of 4 mice per group. (**c**) Non irradiated (n = 3, gray symbols) and irradiated B6 CD45.1 mice were adoptively transferred as described above. Irradiated B6 hosts were treated with either anti-IL-7 and anti-IL-7R (α-IL-7+α-IL-7R; n = 3, open red symbols) or the respective isotype matched control (n = 3, filled red symbols) mAbs. 5 days after transfer, mice were analyzed as described above and the percentages of donor T cells CellTrace Violet**^+^** t-STAT1**^high^**, CellTrace Violet**^−^** t-STAT1**^high^** and CellTrace Violet**^−^** t-STAT1**^low^** are indicated. (**d**) The MFI of t-STAT1 in donor T cells were compared between groups using a nonparametric Mann-Whitney test. Data are from one representative experiments out of three, including 3 mice per group.](ppat.1003976.g006){#ppat-1003976-g006}

To eliminate the rapid TCR driven proliferation in the RAG^−/−^ background, we next assessed the role of IL-7 in sublethally irradiated hosts. In this model, the lymphopenia is not as severe as in RAG^−/−^ mice and transferred cells compete with the host cells during reconstitution by undergoing slow homeostatic proliferation which is IL-7 dependent [@ppat.1003976-Min1], [@ppat.1003976-Guimond1]. 24 hours after sublethal irradiation, mice were treated with either anti-IL-7 and anti-IL7R or isotype control mAbs before cell transfer [@ppat.1003976-Sudo1], [@ppat.1003976-Grabstein1]. LNs and spleens were analyzed 5 days after transfer ([Fig. 6c](#ppat-1003976-g006){ref-type="fig"}). In this model, donor cells undergoing homeostatic proliferation upregulated the levels of t-STAT1 when compared to cells transferred into a lymphoreplete B6 host ([Fig. 6c, d](#ppat-1003976-g006){ref-type="fig"}). Treatment with anti-IL-7 and anti-IL7R mAbs blocked homeostatic proliferation. Because blockade of IL-7 signaling reduced survival of donor CD4 and especially CD8 T cells, in LNs and spleen, only CD4 donor T cells were analyzed ([Fig. S6b](#ppat.1003976.s006){ref-type="supplementary-material"}) [@ppat.1003976-Tan1], [@ppat.1003976-Schluns1]. Expression levels of t-STAT1 in donor T cells were reduced with α-IL-7+α-IL7R mAbs, however remained slightly higher than those observed in lymphoreplete B6 hosts ([Fig. 6d](#ppat-1003976-g006){ref-type="fig"}). These results suggest that lymphopenia *in vivo* drives increased expression of t-STAT1 in CD4 T cells that is partially dependent on IL-7.

We next analyzed the impact of chronic exposure to IFN-α on T cell homeostasis. Lymphopenic RAG^−/−^ mice received LN cells from congenic B6 CD45.2 mice. Administration of recombinant murine (rm) IFN-α was started on day 5 after transfer. Mice were treated with therapeutic doses of 10,000 U of rmIFN-α, daily (∼4×10^5^ U/kg/day), for one month [@ppat.1003976-Gil1]--[@ppat.1003976-Essers1]. Control mice, which were otherwise identical to the experimental mice, were treated for the same period of time with an equivalent volume of PBS rather than rmIFN-α.

Analysis of the CellTrace Violet profiles of CD4 and CD8 donor T cells showed extensive proliferation in LNs and spleens for both groups ([Fig. 7a](#ppat-1003976-g007){ref-type="fig"}). We found no differences between the proliferation profiles of CD4 donor T cells from treated and non-treated animals. However, an increased proliferation of CD8 donor T cells was observed in both LNs and spleen of IFN-α treated mice, suggesting differences in the response to Type-I IFN by these two pools. Similar proportions of the naïve, central memory, effector memory and effector phenotype of CD4 donor T cells were observed in both LNs and spleen of the control and rmIFN-α treated animals ([Fig. S7a](#ppat.1003976.s007){ref-type="supplementary-material"}, b). In contrast, in CD8 donor T cells, the proportion of naïve phenotype was reduced and increased proportions of central memory phenotype were observed in both organs of IFN-α treated mice ([Fig. S7a](#ppat.1003976.s007){ref-type="supplementary-material"}, b).

![Continuous exposure to Type-I IFN under lymphopenic conditions leads to CD4 T cell depletion and CD8 T cell expansion.\
Lymphopenic RAG^−/−^ mice reconstituted with CellTrace Violet-labeled LN cells from congenic B6 CD45.2 mice were treated with either rmIFN-α (10,000 U per mouse, daily; n = 8) or PBS (n = 7). The numbers of CD4 and CD8 donor T cells in LNs and spleen were determined on day 35 after transfer. (**a**) Percentages of highly dividing CD45.2^+^ CD3^+^ CD4^+^ and CD8^+^ donor lymphocytes in LNs and spleen are shown. (**b**) Absolute numbers of CD4^+^ and CD8^+^ donor T cells in the lymphoid organs were enumerated following the treatment with rmIFN-α (black symbols) and PBS (open symbols). A nonparametric Mann-Whitney test was performed for comparisons of CD4 and CD8 T cell counts between groups. Data are from two representative experiments out of four, including an average of 4 mice per group.](ppat.1003976.g007){#ppat-1003976-g007}

While the absolute numbers of CD4 and CD8 donor T cells recovered from LNs did not differ substantially between IFN-α treated and control mice ([Fig. 7b](#ppat-1003976-g007){ref-type="fig"}), significant decreases in CD4 donor T cell numbers were noted in the spleens of the rmIFN-α treated mice. In contrast, there was a significant increase in CD8 donor T cell numbers in the spleens of the treated mice ([Fig. 7b](#ppat-1003976-g007){ref-type="fig"}). In addition, decreased CD4 T cell numbers in the spleens of IFN-α treated animals were primarily effector memory phenotype, suggesting that CD4 T cells may undergo activation induced cell death in this condition ([Fig. S7c](#ppat.1003976.s007){ref-type="supplementary-material"}). Thus, chronic exposure to Type-I IFN in the setting of lymphopenia led to enhanced CD8 T cell expansion and impaired CD4 T cell homeostasis.

Discussion {#s3}
==========

Patients with HIV infection show a unique form of immune activation leading to CD4 T cell depletion and CD8 T cell expansion. The CD4 T cell depletion observed in these patients is only partially explained by a direct cytopathic effect of the virus. The small number of actively infected cells at any given point suggests that other mechanisms may play a role [@ppat.1003976-Douek3], [@ppat.1003976-Lane1]. The mechanisms behind these extreme outcomes for both CD4 and CD8 T cells pools remain unresolved. Because CD4 T cells are under continuous homeostatic pressure, we hypothesized that these outcomes could be associated with differences in homeostatic regulation of these two pools and in their response to the combination of cytokines associated with lymphopenia and viral replication. In the present manuscript, we have shown that chronic exposure to Type-I IFN under lymphopenic conditions can lead to impaired CD4 T cell homeostasis resulting in diminished CD4 T cell counts in association with CD8 T cell expansion. This phenotype recapitulates the alterations of the CD4 and CD8 T cell pools seen in patients with HIV infection. Our data support a model in which CD4 T cells under lymphopenic conditions become more responsive to IFN-α by modulating the levels of STATs. This continuous stimulation of CD4 T cells may lead to activation induced cell death (AICD) and decreased survival. In contrast, the same set of stimuli lead to CD8 T cell expansion.

The different outcomes observed in the CD4 and CD8 T cell pools in the setting of untreated HIV infection are associated with distinct mechanisms that regulate the homeostasis of these pools. For instance, in healthy controls and HIV infected patients, CD4 T cell homeostatic proliferation is tightly associated with CD4 T cell counts. This association is weak in CD8 T cells [@ppat.1003976-Catalfamo3]. The overall size of the CD4 T cell pool is highly controlled and does not undergo large expansions following antigenic exposure *in vivo*. In contrast, such expansions are common in the CD8 T cell pool.

Lymphopenia-induced proliferation is a mechanism triggered to maintain the CD4 T cell pool at a relatively constant size. IL-7 is a central homeostatic cytokine in this process that promotes T cell survival. Cells undergoing slow (IL-7 dependent) or fast (IL-7 independent) proliferation acquire new properties such as, memory phenotype and secretion of cytokines like IL-2 and IFN-γ [@ppat.1003976-Min1], [@ppat.1003976-Cho1]. These effects are also observed in humans T cells *in vitro* [@ppat.1003976-Geginat1] and in patients after bone marrow transplant [@ppat.1003976-Fry2]. Therefore, lymphopenia and increased availability of IL-7 generates a complex environment. In patients with HIV infection, the relatively weak association observed between IL-7 and levels of t-STAT1 suggests that lymphopenia in combination with other factors potentially driven by ongoing viral replication may play a role.

Several reports have shown that IL-7 upregulates expression of CD95 in T cells and IL-7 serum levels correlate with CD95 expression and increased susceptibility to CD95-induced apoptosis [@ppat.1003976-Fluur1]--[@ppat.1003976-Sammicheli1]. Our data extend these observations by demonstrating that IL-7 *in vitro* can also modulate the levels of STATs in T cells and thus modulate their responses to Type-I IFNs. This is an unexpected characteristic of IL-7 and suggests that this pathway may be advantageous in host defense against pathogens. Accordingly, recent reports in an animal model of acute influenza A virus suggested a role for IL-7 in adaptive immunity against viruses [@ppat.1003976-Plumb1]. Similarly, administration of IL-7 in chronic LCMV infection model overcame infection and limited organ damage [@ppat.1003976-Pellegrini1].

In contrast, in a scenario in which the host is chronically lymphopenic, such as HIV infection [@ppat.1003976-Napolitano1], [@ppat.1003976-Fry1], in association with an environment rich in Type-I IFNs maintained by viral replication, this interaction may lead to more immune activation and dysregulation of the homeostasis of the CD4 T cell pool. By modifying this relationship, such as by the administration of super physiological doses of IL-2 or IL-7 to patients with HIV infection receiving cART, one can see increased T cell counts [@ppat.1003976-Levy1]--[@ppat.1003976-Kovacs2]. Thus increasing the levels of homeostatic cytokine and reducing the inflammatory environment by cART may lead to improvement in T cell counts.

Type-I IFNs are important cytokines with anti-viral and regulatory functions [@ppat.1003976-GarciaSastre1]. They can inhibit thymopoiesis and B cell development [@ppat.1003976-Wang1] and can induce proliferation and exhaustion of hematopoietic stem cells [@ppat.1003976-Sato1]. The potential detrimental effects of chronic exposure to Type-I IFN in HIV/SIV pathogenesis have been largely reported. For example, Type-I IFN can induce CD4 T cell-TRAIL/DR5-mediated apoptosis [@ppat.1003976-Herbeuval1]. Chronic exposure to Type-I IFN may have detrimental consequences on T cell homeostasis and survival [@ppat.1003976-Essers1], [@ppat.1003976-Herbeuval1]--[@ppat.1003976-Hardy1]. *In vivo*, HIV and SIV infection trigger a strong Type-I IFN response [@ppat.1003976-Rotger1], [@ppat.1003976-Jacquelin1], [@ppat.1003976-Bosinger1]. Paradoxically, the administration of super physiological doses of Type-I IFN have been shown to have both anti-tumor effects in the treatment of Kaposi sarcoma and anti-viral effects leading to reduction in HIV-RNA levels in patients with high CD4 T cell counts [@ppat.1003976-Lane2], [@ppat.1003976-Tavel1]. These effects were associated with decreases in both CD4 and CD8 T cells.

Because of the potential detrimental effects of chronic Type-I IFN signaling in patients with HIV infection, blockade of this pathway has been explored as a potential therapeutic target. A recent report using an antagonist of TLR7/9 that blocks IFN-α production by plasmacytoid dendritic cells (pDCs) in SIV infected rhesus macaques had shown that pDCs are not the only source of IFN-α production in this infection model [@ppat.1003976-Kader1]. In addition, blockade of IFN-α production by pDCs did not prevent activation of T cells nor was it effective at reducing viral loads and had minimal effect on IFN-stimulated genes [@ppat.1003976-Kader1]. The anti-viral properties of IFN-α are best established and successfully used in the treatment of infectious diseases and cancer in humans [@ppat.1003976-Lane2], [@ppat.1003976-Tavel1]. In this regard, it is not surprising that therapies blocking IFN-α signaling may compromise immunity against HIV and other pathogens.

In contrast to the anti-viral effects of Type-I IFNs, the immune modulatory properties of these cytokines are broad and less understood. For example, while IFN-β is used to treat the inflammatory autoimmune disease, multiple sclerosis, its mechanism of action in this setting is poorly understood [@ppat.1003976-Axtell1]. The present model will help to dissect some of these properties of IFN-α signaling pathway in the setting of lymphopenia and may allow for identifying more direct targets of these immune modulatory functions.

IL-7 *in vitro* and lymphopenia *in vivo* differentially regulated expression of t-STATs in CD4 and CD8 T cells as well as their responses to Type-I IFN. Memory CD8 T cells from healthy controls and HIV-infected patients expressed lower levels of t-STAT1 than naïve CD8 T cells, suggesting differences in their responsiveness to Type-I IFN *in vivo* as a function of T cell phenotype and state of activation. Previous reports have suggested that differences in the expression levels and activation of STATs in human PBMCs may explain differences in the induction of apoptosis after exposure to Type-I IFNs [@ppat.1003976-vanBoxelDezaire1]. In animal models of viral infection, it has been reported that T cell responsiveness to cytokines is controlled by their relative expression of the STAT transcription factors [@ppat.1003976-Levy2]. For instance, regulation of expression levels of t-STAT1 in CD8 T cells has been described as a mechanism by which CD8 T cells can escape the anti-proliferative effects of Type-I IFNs during LCMV infection [@ppat.1003976-Lecuroux1] and basal and temporal changes in the expression levels of several STATs have been demonstrated as significant in shaping the immune responses in the LCMV model [@ppat.1003976-Kallal1].

Altogether these findings suggest that during HIV infection, the interplay of lymphopenia and inflammation (Type-I IFN) may lead to alterations in the ways that CD4 and CD8 T cells respond to stimulation with Type-I IFNs. Further dissection of the relative roles of these forces during HIV infection may provide us with better approaches to correct the immunologic abnormalities seen in HIV infected patients.

Materials and Methods {#s4}
=====================

Ethics statement {#s4a}
----------------

This human study was conducted according to the principles expressed in the Declaration of Helsinki. Patients were studied under a NIAID Institutional Review Board approved HIV clinical research study protocol in the NIAID/CCMD intramural program. Patients and healthy controls provided written informed consent for the collection of samples and subsequent analysis. Healthy volunteers were obtained through the NIH Blood Bank.

All animal work was conducted according to relevant national and international guidelines. The animal experiments were performed under a study protocol approved by the NIAID Animal Care and Use Committee.

Patient and healthy volunteers {#s4b}
------------------------------

Patients and healthy controls were consented and studied in NIAID/CCMD intramural program IRB approved HIV clinical research studies. Healthy volunteers were obtained through the NIH Blood Bank. The majority of the patients studied had chronic HIV infection. The longitudinal cohort of HIV infected patients used to analyze the expression levels of t-STAT1 consisted of patients (n = 10) with viral loads of \>30,000 copies/ml before starting cART and viremia suppressed to \<50 copies/ml for more than 6 months ([Table 1](#ppat-1003976-t001){ref-type="table"}). The cohort of HIV infected patients used to assess the contributions of lymphopenia (CD4 counts and IL-7 serum levels) to t-STAT1 expression consisted of patients (n = 53) who had successfully suppressed viremia (viral load \<50 copies/ml) with cART for more than 6 months. The patients\' characteristics are described in [Table 2](#ppat-1003976-t002){ref-type="table"} and viral infection history in [Table S1](#ppat.1003976.s008){ref-type="supplementary-material"}.

Cell culture and *in vitro* stimulation with IFN-α {#s4c}
--------------------------------------------------

PBMCs from healthy controls were obtained by Ficoll gradient centrifugation. CD4 and CD8 T cells were isolated by negative selection (Miltenyi Biotec) and cultured in X-VIVO 15 medium (Lonza) in absence or presence of the previously tested optimal concentration of recombinant human (rh) IL-7 (Peprotech) and rhIFN-α (PBL Biomedical laboratories). After 3 days of culture, the cells were harvested, washed with cytokine-free medium and adjusted at a concentration of 2×10^6^ cells/ml prior to resting overnight for subsequent *in vitro* stimulation with IFN-α (see below).

Cells that had been rested overnight were washed and labeled with live/dead (Invitrogen). Adjusted at a concentration of 2×10^6^ cells/ml, cells were then incubated for 30 minutes at 37°C and 5% CO~2~ with rhIFN-α (100 U/ml; PBL Biomedical laboratories) and p-STAT1 levels were analyzed by flow cytometry.

Flow cytometry {#s4d}
--------------

IFN-α stimulations were stopped by fixation with 4% paraformaldehyde followed by a permeabilization step with 1∶1 methanol/acetone mix for 30 minutes on ice.

For human PBMCs, after three washes, cells were incubated for 10 minutes with 10 µg/ml human IgG (Sigma-Aldritch) to block potential Fc receptor binding and stained for 1 hour at room temperature with anti-CD3 Qdot 605 (Invitrogen, clone UCHT1), anti-CD4 Pacific blue (BD Biosciences, clone RPA-T4), anti-CD45RA PerCP-Cy5.5 (eBioscience, clone HI100), anti-CD27 PE (BD Biosciences, clone L128), anti-STAT1 N-terminus Alexa Fluor 647 (BD Biosciences, clone 1/Stat1), and anti-tyrosine 701-phosphorylated STAT1 Alexa Fluor 488 (Cell Signaling, clone 58D6).

For murine experiments (see below), donor T cells were detected by virtue of their CD45.2 expression. After three washes, mouse lymphocytes were stained for 30 minutes at room temperature with a mix of anti-STAT1 N-terminus Alexa Fluor 647 (BD Biosciences, clone 1/Stat1) and anti-tyrosine 701-phosphorylated STAT1 Alexa Fluor 488 (Cell Signaling, clone 58D6), followed by an additional 20 minutes incubation at room temperature with a mix of anti-CD3 V500 (BD Biosciences, clone 500A2), anti-CD4 PerCP-Cy5.5 (eBioscience, clone RM4-5), anti-CD8α eFluor 650NC (eBioscience, clone 53--6.7), anti-CD45.2 PE (eBioscience, clone 104) and anti-CD16/CD32 (BD Biosciences, clone 2.4G2). Full-minus-one controls were performed in the Alexa Fluor 647 and Alexa Fluor 488 channel for control of compensation spread [@ppat.1003976-DeRosa1].

The intensity of CellTrace Violet fluorescence was analyzed in fresh, unstimulated mouse lymphocytes incubated with anti-CD45.2 PE (eBioscience, clone 104), anti-CD3 APC (eBioscience, clone 17A2), anti-CD4 PerCP-Cy5.5 (eBioscience, clone RM4-5) and anti-CD8α eFluor 650NC (eBioscience, clone 53--6.7). This was performed for CD4 and CD8 donor T cells by gating respectively on CD45.2^+^ CD3^+^ CD4^+^ T cells and CD45.2^+^ CD3^+^ CD8^+^ T cells.

Human samples were collected on a BD LSR II and mouse samples were collected on a BD LSRFortessa using FACSDiva software. Data were subsequently analyzed using FlowJo (Tree Star).

Western blot {#s4e}
------------

CD4 and CD8 T cells from healthy controls were isolated by negative selection (Miltenyi Biotec), cultured for 3 days in absence or presence of rhIL-7 and rhIFN-α and further stimulated *in vitro* with rhIFN-α as described above. The stimulation was stopped by adding an equal volume of cold-temperature PBS containing phosphatase inhibitor to prevent de-phosphorylation of the activated STATs (Thermo Scientific). After three washes with cold-temperature PBS containing phosphatase inhibitor, the samples were stored at −20°C as dry pellets. Whole cell lysates were prepared from these samples with RIPA lysis buffer containing 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.1% SDS, 0.5% Sodium Deoxycholate supplemented with protease inhibitor and phosphatase inhibitor cocktails (Pierce, Thermo Scientific) before use. Antibodies to STAT1 (clone E-23), STAT2 (clone C-20), STAT5 (clone C-17) were from Santa Cruz Biotechnology; and antibody to STAT3 was from Cell Signaling Technology. Phosphorylation-specific antibodies to STAT1 (Tyr701), STAT2 (Tyr690), STAT3 (Tyr705) and STAT5 (Tyr694) were from Cell Signaling Technology. After detection of the target protein, the membrane was stripped and reprobed with anti-beta-Actin antibody (clone mAbcam 8226; Abcam) to assess loading equivalency. Densitometric values of band densities on western blots were measured with ImageQuant TL 7.0 (GE Healthcare Life Sciences).

Measurement of plasma IL-7 levels {#s4f}
---------------------------------

Human IL-7 levels were quantified by ELISA, in cryopreserved plasma from HIV-infected individuals, using a commercial kit (R&D System) in accordance with the manufacturer\'s instructions. Samples were tested in duplicate.

Mice, irradiation and adoptive T cell transfer {#s4g}
----------------------------------------------

All experiments were approved by the NIAID Animal Care and Use Committee (ASP \#: LIR5). B6.SJL-\[KO\]RAG1 (RAG^−/−^), B6.SJL (B6 CD45.1) and C57BL/6 (B6 CD45.2) mice were purchased from Taconic. IL-7^−/−^ x RAG^−/−^ mice were kindly provided by Dr. Scott K. Durum (NCI, Frederick, MD). All mice used in these studies were between 5 and 13 weeks of age.

B6 CD45.1 mice were sublethally irradiated (600 rads) utilizing a Cesium 137 source (J. L. Shepherd Mark 1). Under these conditions, depletion of host T cells was approximately 90% at 24 h after irradiation. Mice were used for adoptive transfer experiments 24 hours after irradiation.

For adoptive transfer studies, lymph node (LN) cells (2×10^7^ cells/ml) from B6 CD45.2 donor mice were labeled with 5 µM CellTrace Violet (Molecular Probes) in PBS for 10 minutes at 37°C. Lymphoreplete B6 CD45.1 and lymphopenic RAG^−/−^, IL-7^−/−^ x RAG^−/−^ and irradiated B6 CD45.1 recipient mice were injected i.v. with 9×10^6^ of B6 CD45.2 congenic cells.

*In vivo* treatment with antibodies and rmIFN-α {#s4h}
-----------------------------------------------

B6 CD45.1 mice received every day alternately 0.5 mg/mouse of anti-IL-7 (clone M25; BioXCell) and 0.5 mg/mouse of anti-IL-7R (clone A7R34; BioXCell) by i.p. injection starting at 18 hours after irradiation and up to day 5. Control mice received the same amount of the matched isotype control mAbs (clone MPC-11, mouse IgG2b and clone 2A3, rat IgG2a, respectively; BioXCell).

For *in vivo* treatment with IFN-α, rmIFN-α (eBioscience: 10,000 U/mouse of rmIFN-α4 diluted in 0.2 ml PBS) was administered by subcutaneous (s.c.) injection every day starting on day 5 after adoptive transfer. Mice were treated for a month. Control mice were injected with 0.2 ml PBS.

Five to thirty-five days after transfer, spleen and a mixture of inguinal, axillary, cervical, mandibular, popliteal, mesenteric and pancreatic LN were excised. Spleen and LNs were processed separately to obtain single cell suspensions by mechanic disruption on Nitex filters in RPMI 1640 medium (Cellgro) containing 10% FCS, 55 µM β-mercaptoethanol, 2 mM L-glutamine and 50 µg/ml gentamicin (Complete media) at 4°C. After counting, cells from LNs and spleen were stained with the indicated Abs and/or stimulated *in vitro* with 500 U/ml of recombinant murine IFN-α4 (rmIFN-α; eBioscience) for 30 minutes at 37°C and 5% CO~2~, after being rested for at least 1 hour in a cytokine free complete medium.

Statistical analysis method {#s4i}
---------------------------

For the human studies, Wilcoxon signed-rank tests were performed for within-group comparisons. Spearman\'s rank correlation coefficients were used to assess the association of t-STAT1 expression and plasma level of IL-7 with CD4 T cell counts, as well as the association among t-STAT1 expression, STAT1 phosphorylation after *in vitro* IFN-α stimulation, and IL-7 level in [Figure 4](#ppat-1003976-g004){ref-type="fig"}. Nonparametric unpaired Mann-Whitney tests were used to analyze the data from the mouse experiments. Data were considered to be statistically different if the *p* value was ≤0.05.

Supporting Information {#s5}
======================

###### 

***In vitro*** **culture with IL-7 increases t-STAT1 expression and Type-I IFN responsiveness.** PBMCs from healthy donors were cultured 3 days in media alone, rhIL-7 (10 ng/ml) and rhIFN-α (100 U/ml). After 3 days of culture, the cells were harvested, washed and rested overnight. Rested cells were stimulated *in vitro* with rhIFN-α (100 U/ml) for 30 minutes and analyzed for intracellular expression of t-STAT1 and phosphorylated STAT1. (**a**) Gating strategy to assess t-STAT1 and p-STAT1 expression in T cell subsets, using CD27 and CD45RA as markers of naïve (CD45RA^+^ CD27^+^) and memory (CD45RA^−^ CD27^+^) CD4 (CD3^+^ CD4^+^) or CD8 (CD3^+^ CD4^−^) T cells. (**b**) Flow cytometric analysis of t-STAT1 expression (open histograms) or isotype control (shaded histograms). (**c**) Overlay histograms showing upregulation of staining for p-STAT1 after 30 minutes *in vitro* stimulation with rhIFN-α (red) compared with unstimulated cells (blue). Data from one representative donor out of twelve are presented.

(PDF)

###### 

Click here for additional data file.

###### 

**IFNAR1 expression on T cells is not affected by** ***in vitro*** **culture with IL-7.** PBMCs or isolated CD4 and CD8 T cells from a healthy donor were cultured as described in [Figure S1](#ppat.1003976.s001){ref-type="supplementary-material"}. After 3 days of culture, the cells were harvested, washed and rested overnight. (**a**) Cell lysates obtained from isolated CD4 and CD8 T cells were analyzed by Western blotting with antibodies specific to IFNAR1 (Santa Cruz Biotechnology) and IL-7Rα (EMD Millipore). An antibody to actin (Abcam) was used to confirm even protein loading. Numbers represent the ratio of the densitometry values of band densities on western blots calculated using the values of the cells cultured 3 days with media only as baseline. [Results](#s2){ref-type="sec"} are representative of 3 different donors. (**b**) PBMCs were analyzed by flow cytometry for surface expression of IFNAR1 (R&D) and IL-7Rα (BD, clone hIL7R-M21) in naïve and memory T cell subsets gated as described in [Figure S1](#ppat.1003976.s001){ref-type="supplementary-material"}. Data from one representative donor out of five are presented. (**c**) The MFIs of IFNAR1 and IL-7Rα in the different T cell subsets were compared between culture conditions using a Wilcoxon signed-rank test.

(PDF)

###### 

Click here for additional data file.

###### 

**t-STAT1 expression and IL-7 serum levels are inversely associated with CD4/CD8 T cell ratio HIV-infected patients undergoing cART.** PBMCs from healthy controls (HC, n = 22) and HIV-infected patients (HIV+, n = 53) described in [Figure 4](#ppat-1003976-g004){ref-type="fig"} were analyzed for t-STAT1 and p-STAT1 levels in total CD4 and CD8 T cell populations. Sera from the same patients were tested by ELISA for IL-7 levels. (**a**) Relationship between t-STAT1 levels and CD4/CD8 T cell ratio. (**b**) Relationship between IL-7 serum levels and CD4/CD8 T cell ratio. The correlations between the levels of t-STAT1, IL-7 and CD4/CD8 T cell ratio were analyzed with the non-parametric Spearman test. (**c**) The MFI of p-STAT1 after *in vitro* stimulation with IFN-α in CD4 and CD8 T cells was compared between HIV+ and HC divided according to their CD4 T cell counts using a nonparametric Mann-Whitney test.

(PDF)

###### 

Click here for additional data file.

###### 

**Phenotype of proliferating donor T cells after transfer into lymphopenic RAG^−/−^ mice.** Seven days after transfer, Expression of CD44 (eBioscience, clone IM7), CD62L (eBioscience, clone MEL-14) and CD25 (eBioscience, clone PC61.5) on CD4^+^ and CD8^+^ donor T cells was assessed in LNs and spleen of mice from transferred RAG^−/−^ mice described in [Figure 5](#ppat-1003976-g005){ref-type="fig"}. (**a**) The expression of CD44, CD62L and CD25 on gated CD45.2^+^ CD3^+^ CD4^+^ and CD8^+^ lymphocytes is presented as a function of CellTrace Violet fluorescence and percentages of donor T cells CellTrace Violet**^+^** CD44**^low^**, CellTrace Violet**^+^** CD44**^high^**, CellTrace Violet**^−^** CD44**^high^**, CellTrace Violet**^+^** CD62L**^high^**, CellTrace Violet**^−^** CD62L**^high^**, CellTrace Violet**^−^** CD44**^low^** and CellTrace Violet**^+^** CD25**^−^**, CellTrace Violet**^−^** CD25**^−^**, CellTrace Violet**^−^** CD25**^+^** are indicated. (**b**) The percentages of naïve (Tn: CD44^low^ CD62L^high^), central memory (Tcm: CD44^high^ CD62L^high^), effector memory (Tem: CD44^high^ CD62L^low^ CD25^−^) and effector (Teff: CD44^high^ CD62L^low^ CD25^+^) on donor CD4^+^ and CD8^+^ T cells in LN and spleen are indicated and presented as median. A Wilcoxon signed-rank test was performed for comparisons of the percentages of the different subsets between LNs and spleen. Data from one representative experiment out of three, including an average of 5 mice per group, are presented.

(PDF)

###### 

Click here for additional data file.

###### 

**Comparison of t-STAT1 and p-STAT1 expression between host and donor cells after adoptive transfer into lymphoreplete B6 mice.** (**a**) The levels of t-STAT1 and p-STAT1 of donor (gated CD45.2^+^ CD3^+^) and recipient (gated CD45.2^−^ CD3^+^) T cells from lymphoreplete B6 CD45.1 (n = 6) described in [Figure 5](#ppat-1003976-g005){ref-type="fig"} were evaluated in LNs and spleen after *in vitro* stimulation with rmIFN-α (500 U/ml). A nonparametric Mann-Whitney test was performed for the comparison of the MFI of t-STAT1 (**b**) and p-STAT1 (**c**) in CD4 and CD8 T cells between CD45.2^−^ CD3^+^ recipient (open gray symbols) and CD45.2^+^ CD3^+^ donor (solid gray symbols) T cells. Data from one representative experiment out of three, including an average of 5 mice per experiment, are presented.

(PDF)

###### 

Click here for additional data file.

###### 

**IL-7 blockade impairs donor T cell survival.** Absolute numbers of CD4^+^ and CD8^+^ donor T cells in the lymphoid organs of the transferred mice were enumerated at day five post transfer into (**a**) replete B6 CD45.1 (n = 5; gray symbols), lymphopenic RAG^−/−^ (n = 5; black symbols) and IL-7^−/−^ x RAG^−/−^ (n = 4; blue symbol) described in [Figure 6a, b](#ppat-1003976-g006){ref-type="fig"} and (**b**) non irradiated (n = 3, gray symbols) and irradiated B6 hosts treated or not with anti-IL-7 and anti-IL-7R mAbs (α-IL-7+α-IL-7R; n = 3, open red symbols and Isotype control; n = 3, filled red symbols) described in [Figure 6c, d](#ppat-1003976-g006){ref-type="fig"}. Data are from one representative experiments out of three, including 3 mice per group.

(PDF)

###### 

Click here for additional data file.

###### 

**Phenotype of donor T cells in lymphopenic mice chronically treated with IFN-α.** Thirty-five days after transfer, expression of CD44, CD62L and CD25 on CD4^+^ and CD8^+^ donor T cells was assessed in LNs and spleen of mice from the groups described in [Figure 7](#ppat-1003976-g007){ref-type="fig"}. (**a**) Gating strategy to assess the proportion of naïve (Tn: CD44^low^ CD62L^high^), central memory (Tcm: CD44^high^ CD62L^high^), effector memory (Tem: CD44^high^ CD62L^low^ CD25^−^) and effector (Teff: CD44^high^ CD62L^low^ CD25^+^) on gated CD45.2^+^ CD3^+^ CD4^+^ and CD8^+^ lymphocytes in control and IFN-α treated animals (**b**) The percentages of naïve, central memory, effector memory and effector on gated CD45.2^+^ CD3^+^ CD4^+^ and CD8^+^ lymphocytes in control (open symbol) and IFN-α treated (black symbols) animals are indicated and presented as median. (**c**) Absolute numbers of donor T cell subsets in the lymphoid organs were enumerated following the treatment with rmIFN-α (black symbols) and PBS (open symbols). A nonparametric Mann-Whitney test was performed for comparisons between groups. Data from two representative experiments out of four, including an average of 4 mice per group, are presented.

(PDF)

###### 

Click here for additional data file.

###### 

**Viral Infection history from HIV-infected patients described in** [**Figure 1**](#ppat-1003976-g001){ref-type="fig"} **and** [**Figure 4**](#ppat-1003976-g004){ref-type="fig"} **.**

(PDF)

###### 

Click here for additional data file.
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